mocysteinemia has been reported in human reproduction as a risk factor for early pregnancy loss, preeclampsia, and congenital birth defects like spina bifida. Female infertility was also observed in cystathionine beta synthase-deficient mice (Cbs-KO) as an animal model for severe hyperhomocysteinemia. The aim for the present research was to elucidate the time-point of pregnancy loss and to pinpoint gene and cellular changes involved in the underlying pathological mechanism. By mating 90-dayold wild-type and Cbs-KO female mice with their homologous male partners, we found that pregnancy loss in Cbs-KO occurred between the 8th and 12th gestation day during placenta formation. DNA microarrays were carried out on uterus from implantation and interimplantation samples obtained on day 8. The results allowed us to select genes potentially involved in embryo death; these were individually confirmed by RT-qPCR, and their expressions were also followed throughout pregnancy. We found that changes in expression of Calb1, Ttr, Expi, Inmt, Spink3, Rpgrip1, Krt15, Gzmc, Gzmb, Tdo2, and Afp were important for pregnancy success, since a different regulation in Cbs-KO mice was found. Also, differences in relationships among selected genes were observed, indicating a dysregulation of these genes in Cbs-KO females. In conclusion, our data provide more information on the gene expression cascade and its timely regulated process required for a successful pregnancy. In addition, we unveil new potential avenues to explore further investigations in pregnancy loss.
IN EPIDEMIOLOGICAL AND META-ANALYSIS studies, hyperhomocysteinemia (Hhcy) has been found to be a risk factor for placentally mediated diseases, such as preeclampsia, spontaneous abortion, and placental abruption (50) . In case-control studies, it has been also reported that homocysteine (Hcy) levels are frequently elevated in complicated pregnancies due to preeclampsia or umbilical placental vascular disease over those present in the normal pregnancy group (11, 37, 54) .
Hcy is a nonprotein sulfur amino acid and a substrate for cystathionine ␤-synthase (Cbs) in the transsulfuration pathway, which represents its main metabolic fate. Alternatively, Hcy can be converted into methionine through the remethylation pathway. Three metabolic reactions using different methyl donors are known; one uses betaine, and the reaction is catalyzed by betaine-homocysteine methyltransferase, the second one catalyzed by 5-methyltetrahydrofolate-homocysteine methyltransferase uses as donor 5-methyltetrahydrofolate (43) , and the third one is catalyzed by S-methylmethionine-homocysteine methyltransferase with methyl donor S-methylmethionine (46) . These metabolic pathways are expressed in different tissues during development. Thus, Cbs is expressed in liver, pregnant myometrium, and decidual tissue, whereas methionine synthase is expressed in all embryonic tissues, the liver being the primary site of activity for these enzymes (48, 51, 58) .
Cbs-deficient [Cbs knockout(KO)] mice develop severe Hhcy and provide an extraordinary tool to evaluate its effects during pregnancy. Embryonic development of homozygous animals lacking the enzyme was normal, but there was low birth weight and increased mortality during the postnatal period. Animals surviving this critical period became adults, and males were fertile while females not (55) . With ovaries from homozygous Cbs-KO females transplanted into ovariectomized wild-type (WT) females and the latter mated with homozygous Cbs-KO males, homozygous animals were delivered, suggesting that the reproductive failure was mainly due to a uterine problem (17) . To characterize this uterine failure and to establish precisely the time of embryonic death, WT and Cbs-KO female mice were mated with their corresponding male mice. Females were killed on postcoital days 4, 8, 12 , and 16, representing important steps of the gestation process such as preimplantation, placentation, organogenesis, fetal growth, and development. Furthermore, to investigate potential mechanisms involved in the uterine failure at the transcriptional level, we carried out high-throughput microarray analyses at a time-period close to embryonic death, studied gene expression changes of uterus genes, and confirmed them by quantitative PCR and immunohistochemistry.
MATERIALS AND METHODS
Animals. All mice were housed in sterile filter-top cages, had ad libitum access to chow (Teklad Mouse/Rat Diet no. 2014, Harlan Teklad; Harlan Ibérica, Barcelona, Spain) diet and water, and were kept under light cycle conditions of 12 h light/12 h dark. All animal studies were approved by the Ethics Committee for Animal Research of the University of Zaragoza.
Two study groups on the same genetic background (C57BL/ 6JϫOla129) were established: WT mice as the control group (n ϭ 24 females and 6 males) and Cbs-KO mice (n ϭ 24 females and 6 males). Rescue and genotyping were carried out as previously described (17, 38, 55) . Ninety-day-old female mice were mated with their homologous partners (two females and one male per cage); daily observation of vaginal plugs was carried out to control the mating day. Two-hour fasted mice were killed by CO 2 suffocation at four different stages of gestation (4th, 8th, 12th, and 16th postcoital days). On the fourth day and following uterine flushing, recovered embryos were counted. Uteri were dissected, and their embryonic sacks were collected at the different pregnancy stages. The number of implantation sites and uterus mass without embryonic sacs were recorded. Placentas and embryos were also prepared and weighed. Two different uterine samples corresponding to implantation (IU) and interimplantation (WU) sites from all female mice were prepared; some of them were immediately frozen in liquid N 2 for RNA isolation and in situ hybridization analysis, and others were preserved in buffered formaldehyde for histological and immunohistochemical analyses. RNA analysis corresponding to implantation sites was performed in whole implantation sites including decidual tissues. Care was always taken when fetal and placental tissues were removed (Supplementary Scheme 1).
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Plasma analyses. At the end of the experimental period and after a 2 h fast, the animals were killed by suffocation with CO 2, and blood was drawn from their hearts. Total Hcy was analyzed by HPLC after bromobimane derivatization as described (38) .
Histological and immunohistochemical analysis. Eight-day postconception embryos and uteri of Cbs-KO and WT mice were fixed in 4% neutral buffered formalin and processed in the Xpress X50 rapid tissue processor (Sakura) for paraffin embedding. Sections (3 m) were stained with hematoxylin eosin or periodic acid-Schiff (PAS) for histological evaluation. Immunohistochemical processing required heat-mediated antigen retrieval carried out by heating the slides at 92°C for 20 min (PT-Link, Dako) in low or high pH buffers (Target Retrieval Solutions, Dako) according to the antibody. The slides were then washed in wash buffer (Dako). Endogenous peroxidase was quenched following the manufacturer's protocol (Peroxidase-Blocking Reagent, Dako). The following primary antibodies were used: anti-vimentin (rabbit anti human polyclonal [EPR3776], Abcam), anti-granzyme b, and anti-alpha-fetoprotein (anti-Afp; polyclonal antibodies generated in rabbit generously provided by Drs. Pardo and Lampreave, respectively, Department of Biochemistry and Molecular Biology, University of Zaragoza). For visualization, Vectastain Elite ABC kit was used, and biotinylated goat anti-rabbit secondary antibody was diluted 1/500 for 30 min at room temperature following suppliers' procedures with minor modifications. The color reaction was developed by DABϩ chromogen in substrate buffer (Dako), resulting in a brown reaction product. Sections were counterstained with Mayer's hematoxylin. In negative controls, the primary antibody was omitted, and internal or external positive controls were also used. For quantitative determination of granzyme b, Afp, and vimentin immunoreactivity, the expression of four animals of each genotype was scored. The uterine sections for each primary antibody were captured under similar conditions of aperture and light intensity. Image processing and quantification were performed using Adobe Photoshop CS3 by determining the percentage of staining area (brown pixels).
In situ hybridization. Taq-amplified PCR products for Krt15 and Inmt were cloned in pCRII (Invitrogen) and sequenced. This vector contains promoters for in vitro RNA transcription. The antisense and sense (negative control) RNA probes were synthesized with the Riboprobe in vitro Transcription kit (Promega) using Chromatide Alexa fluor 488 -5-UTP for labeling according to the manufacturer's instructions. Frozen samples of uteri included in Tissue Tek OCT (Bayer Diagnostic, Barcelona, Spain) were cut to obtain 4 m thick serial cryosections. These were incubated for 30 min at 37°C with proteinase K. Sections were then prehybridized at 37°C for 1 h. The hybridizations with the labeled RNA probes were carried out at 37°C overnight and followed by washing. For nuclear staining Hoechst 3342 (Invitrogen) was used. We applied the same quantity of probe (sense and antisense) to each slide and treated all slides in a single experiment so that they could be compared. The sections were visualized with an Olympus FV10i confocal scanning microscope. Images were collected using the microscope in sequential mode with a ϫ60 oil immersion lens (lens specification, Plan S-APO 60xO, NA 1.35), a line average of 8, and a format of 1,024 ϫ 1,024 pixels. The confocal pinhole was 1 Airy unit. For the overall view of the specimen used to locate the observation target (map image), a ϫ10 microscope objective was used (lens specification UPLSAPO 10x, NA 0.4).
RNA isolation. RNA from each uterus sample was isolated with Tri reagent (Sigma). DNA contaminants were removed by TURBO DNase treatment using the DNA removal kit from AMBION (Austin, TX). RNA was quantified by absorbance at A260/280 (the A260/280 ratio was Ͼ1.75). The integrity of the 28S and 18S ribosomal RNAs was verified by agarose formaldehyde gel electrophoresis followed by ethidium bromide staining, and the 28S/18S ratio was Ͼ2.
Affymetrix oligonucleotide array hybridization and data analysis. We pooled 15 g aliquots of total uterus RNA from implantation and interimplantation sites from each mouse for each experimental group to avoid problems of individual variation and purified them with the RNeasy system (Qiagen, Barcelona, Spain). Four pools of uterine RNA of 8 g each were then used for biotin labeling. Hybridization, washing, scanning, and analysis with the Affymetrix GeneChip Murine Genome 430A version 2 arrays (Affymetrix, Santa Clara, CA) were performed according to the standard Affymetrix protocols. Fluorometric data were generated by Affymetrix software, and the fluorometric signal was adjusted so that all the probe sets provided intensities within a manageable range. The data obtained in the microarray hybridizations were processed with Gene Chip Operating Software 1.4 and Microarray Suite 5.0 (Affymetrix) software. Transcripts whose signal intensities were lower than the noise of the matrix (mean Ϯ 3SD) were not taken into account. The complete datasets were deposited in the Gene Expression Omnibus database (accession numbers GSE22187 and GSE22189). Annotation was confirmed by checking the MGI Gene Ontology Browser at the Jackson Laboratory's website http://www.informatics.jax.org and the National Center for Biotechnology Information (NCBI) Gene Database. We carried out an initial approach of selecting genes that were up-or downregulated by Cbs deficiency by selecting genes whose signal log 2 ratio between the two groups was Ͼ1.5 (upregulated genes) or ϽϪ1.5 (downregulated genes).
Quantification of mRNA. The difference in mRNA expression observed with the microarrays was confirmed by quantitative realtime RT-PCR (RT-qPCR) analysis of individual samples. Equal amounts of DNA-free RNA from each sample were used for analyses. First-strand cDNA synthesis and the PCR reactions were performed using the SuperScript II Platinum Two-Step RT-qPCR Kit with SYBR Green (Invitrogen, Madrid, Spain), according to the manufacturer's instructions and as previously described (6) . The primers were de-signed by Primer Express (Applied Biosystems, Foster City, CA) and checked by BLAST analysis (NCBI) to verify gene specificity and selective amplification of cDNA vs. genomic DNA. Primers were obtained from Invitrogen (Invitrogen), and sequences are shown in Supplementary Table S1 . Real-time PCR reactions were performed in an ABI PRISM 7700 Sequence Detector (Applied Biosystems) following the standard procedure. The specificity of the PCR reaction was confirmed by the dissociation temperature curves. The relative amount of all mRNAs was calculated by the comparative 2 Ϫ⌬⌬Ct method and normalized to the invariant Rpl13a used as reference gene, after cyclophilin B (Ppib) and ␤-actin (Actb) had been discarded as described elsewhere (42) .
Statistical analysis. The results are expressed as means Ϯ SD. Comparisons were made using one-way ANOVA and Mann-Whitney U-test. Association among variables was sought using the Spearman's correlation coefficient (). All calculations were performed using SPSS version 15.0 software (SPSS, Chicago, IL). Significance was set at P Ͻ 0.05.
RESULTS
Reproductive performance and total Hcy plasma levels. As shown in Table 1 , there was no significant change in the number of embryos on postcoital days 4 and 8. In contrast, significant decreases in the counts were observed in Cbs-KO mice on the 12th and 16th days. Although most of Cbs-KO embryos were found to be necrotic or in the process of being reabsorbed on the 12th day, some of the homozygous progeny escaped embryonic failure and develop to the adult stage. In fact, on the 18th day surviving Cbs-KO embryos showed a Theiler stage of 24 -25 compared with 26 of WT embryos (17) . Weights of placentas, embryos, and dissected uteri from WT and Cbs-KO females at different pregnancy stages are provided in Table 2 . The placental weight showed no significant change despite the profound decrease observed at the last time-point. Nonetheless, significant decreases in the mass of dissected uteri and embryos in Cbs-KO females compared with WT were observed in all of the studied periods. From these results, it can be concluded that embryo death occurs between gestation days 8 and 12, when placenta formation takes place, which provides further support to the previous reports of uterine failure (17) .
Cbs-KO mice showed significant increases in plasma Hcy levels compared with the WT mice on the same gestation day (Table 1) . Although there was no significant variation in Cbs-KO Hcy levels at different pregnancy stages, we observed an increased between 8th and 12th days that remained at 16th day.
Histological follow-up. A thorough histological analysis of uterine samples was carried out to confirm the reproductive performance above described. No histological differences in uterus on the fourth day of gestation were noted between genotypes (data not shown). Likewise, the cellular pattern of implantation sites was similar in both genotypes as shown by hematoxylin eosin staining on the eighth postcoital day, when an invasive and proliferative tissue composed of trophoblasts penetrated the uterine decidua (Supplementary Fig. S1A and B). On the 12th postcoital day consolidation of decidua was observed in WT animals. In contrast, tissue degeneration accompanied by necrosis was present in Cbs-KO (Supplementary Fig. S1C and D). In day 12 WT uterine samples cells with eosinophilic granules were found, showing a normal evolution of placentation in contrast to Cbs-KO animals, which showed large amounts of connective tissue and an absence of these cells (Supplementary Fig. S1E and F). We further attempted to identify these cells using PAS staining on WT samples at day 8 and 12, finding PAS-positive cytoplasm cells at day 8 and more granulated in 12-day samples.
No significant histological changes were observed in interimplantation sites at any of the considered pregnancy stages (data not shown).
Gene expression in uterus of Cbs-KO female mice. To study the mechanisms involved in the generation of this ineffective uterine milieu associated with the lack of CBS enzyme, we compared mRNA expression of both WT and Cbs-KO female mice and analyzed uterine gene expression changes from implantation and interimplantation sites. Expression of 22,690 transcripts represented on Affymetrix GeneChip Murine Genome 430A version 2 array were carried out in uterus mRNA from implantation and interimplantation sites obtained from Using the Mann-Whitney ranking feature of the Affymetrix software to determine significant differences in gene expression (P Ͻ 0.01), we identified increased and reduced expression of 28 and 35 transcripts in samples from the animals on the KOWU mice group compared with those on the WTWU. When KOIU samples were analyzed compared with WTIU, increased and reduced expression of 19 sequences and five transcripts were found. A second round of selection was undertaken by removing expressions with similar gene symbols, identical accession number and identical UNIGENE number. In previous experiments (15, 16), we had observed that selection of genes whose variation, expressed as signal log 2 ratio, was beyond certain threshold corresponded fairly well with individual changes, so this criterion was also adopted. Therefore, only those gene changes whose signal log 2 ratios were higher and lower than 1.5 between WT and KO females were chosen for further study, and are listed in Tables 3 and 4 for implantation and interimplantation sites of uteri. Accordingly, the number of genes whose expression was modified by the absence of Cbs enzyme in IU was 8 with increased and 3 with decreased mRNA expressions (Table 3) . Likewise, the absence of the enzyme induced the increased expression of nine genes and reduced that of nine in WU. All of them were considered potential candidates so as to validate their microarray results, consequently their expressions were analyzed by individual assays using RT-qPCR, normalized to Rpl13a mRNA level, and data are shown in Tables 5 and 6 .
As shown in Table 5 , for implantation sites, validation of changes revealed that the expression of only five out of the eight selected genes (Afp, Spink3, Inmt, Ttr, and Expi) appeared significantly increased in Cbs-KO compared with WT. On the other hand, the validation of the downregulated genes not only included the three emerging from its microarray analysis (Rps9, Gzmc, and Mup1) but also the expression of an additional eight differentially expressed genes in interimplantation sites (Tdo2, Mt4, Thbs4, Gzmb, A2m, Calb1, Krt15, and Prl8a2). Six out of 11 (Gzmc, Tdo2, Mt4, Thbs4, Gzmb and Mup1) appeared significantly decreased in their expressions in Cbs-KO compared with WT.
In Table 6 , the results of validation of gene expression changes in interimplantation sites are shown. In addition to the nine genes whose changes were suggested by the microarray analysis, Afp expression was also analyzed. Nine out of 10 (Calb1, Ttr, Expi, Inmt, Spink3, Rpgrip1, Krt15, Cuedc1, and Afp) showed significantly increased expression in Cbs-KO mice compared with WT. Surprisingly, only three (Mt4, Mup1, and Gzmc) out of the nine downregulated genes, as proposed by the microarray, appeared to have significantly decreased expression in Cbs-KO mice compared with WT. For further analysis, Mup-1 would be excluded because primer design to differentiate recently described members of the family was not possible, and Thbs4 and Gzmb would also be excluded because their log 2 ratio in RT-qPCR was Ͻ1. 5 . Supplementary Fig. S2 shows the correlation between the mean values of signal log 2 ratio for the gene changes obtained with the microarray performed with pooled samples (Tables 3  and 4 ) and the mean of each group obtained after the analysis of individual samples in both experimental uterine sites (Tables  5 and 6 ). We obtained good agreement between these procedures (R ϭ 0.877, P Ͻ 0.0009), provided that a histological analysis had been undertaken to discard any aberrant sample not consistent with the common histological pattern (vb tumors. . . .). This strategy had been proved really valuable in our hands (15, 16) and indicates that pooled samples of histologically comparable tissues can successfully be used to provide an initial screening of gene expression in studies of this type, with the attending economic and time savings, although with the limitation of no information on biological variability.
The responses of these genes throughout gestation were studied; genes with significant differences in implantation sites (Table 5) were chosen for follow-up on postcoital days 8 and 12, and those with significant differences in uterus interimplantation sites (Table 6) were chosen for follow-up at days 4, 8, 12 , and 16. Figure 1 shows the follow-up of eight gene expressions throughout gestation in implantation sites from WT mice. As observed, in all cases significant changes were observed as gestation progressed. Two clear patterns were observed: those that increased (Afp, Inmt, Ttr, and Expi) and those that decreased (Spink3, Gzmc, Tdo2, and Mt4). We also studied the response of these genes in implantation sites from Cbs-KO mice, and this is shown as a relative percentage compared with WT mice considered as 100% at any gestational stage (Fig. 2) . As shown in the figure, we observed four different patterns: those expressions that were significantly elevated (Afp, Spink3, 
Upregulated genes
Locomotory behavior NM_009788 1417504_at calbindin-28K Calb1 28.3 333.9 4.2 Thyroid hormone transport BG141874 1454608_x_at transthyretin Ttr 15.1 110 3.3 Endopeptidase inhibitor activity NM_007969 1417160_s_at extracellular proteinase inhibitor Expi 72 439.8 3.1 Methyltransferase activity NM_009349 1418697_at indolethylamine N-methyltransferase Inmt 280.8 1,352.9 2.6 Cell signaling NM_023879 1421144_at retinitis pigmentosa GTPase regulador interacting protein 1 Rpgrip1 139.1 790.2 2.5 Serine-type endopeptidase inhibitor activity NM_009258 1415938_at serine protease inhibitor, Kazal type 3 Spink3 1,234.4 6,218.7 2.3 Cytoskeleton organization and biogenesis NM_008469 1422667_at keratin complex 1
Ϫ2.1
Values represent means Ϯ SD and are expressed as arbitrary units normalized to Rpl13a mRNA expression for each genotype with the RT-qPCR. Means in the same row and with superscripted letter "a" differ significantly (P Ͻ 0.05 according to Mann-Whitney U-test).
and Inmt), those that were decreased (Gzmc), those that decreased along the progression of gestation (Ttr and Expi), and those that increased (Tdo2 and Mt4). Figure 3 shows the follow-up of 10 gene expressions throughout gestation in interimplantation sites from WT mice. As observed, in all cases significant changes were observed as gestation progressed. Several patterns were noticeable: those that increased and remained elevated (Expi, Rpgrip1, Inmt, Ktr15, and Gzmc), this group being the most highly represented; those that decreased and later recovered (Calb1 and Ttr); those that decreased (Spink3); those that peaked and then decreased (Mt4); and those that showed a delayed increase (Afp). These changes represent the fine-tuning of metabolic processes that the uterus undergoes to form normal placenta and/or sustain correct fetus development. Figure 4 displays the follow-up of the 10 gene expressions considered in the previous figure in interimplantation sites from Cbs-KO mice. The results are shown as relative percentages compared with WT mice considered as 100% at any gestational stage. As shown, all the considered gene expressions had differences in response in variable patterns: for some genes, there was a peak that later decreased (Calb1, Ttr, Expi, Spink3 and Afp), for others an initial increase was followed by a more or less pronounced decrease (Rpgrip1, Inmt, and Ktr15); Gzmc remained decreased, and Mt4 fell and then recovered.
Association among parameters. To verify the degree of association among different uterus gene expressions, correlation analyses were carried out separately in samples from implantation or interimplantation sites, as well as in WT and Cbs-KO females; significant associations are shown in Fig. 5 . In implantation sites from WT mice (Fig. 5A) , Afp was positively correlated with Calb1 ( ϭ 0.745), Slc15a ( ϭ 0.794), Thb4 ( ϭ 0.673), and Rpgrip1 ( ϭ 0.697) expression. This suggests that this gene expression is an important hub as well as Calb1, whose expression was associated with Afp as mentioned, Slc15a ( ϭ 0.697), Thb4 ( ϭ 0.636), and Expi ( ϭ 0.661) expression, and A2m was associated with Gzmc ( ϭ 0.782) and Mt4 ( ϭ 0.636) expression. Strong positive asso- ciations were also observed between Thb4 and Tdo2 ( ϭ 0.830). Surprisingly, none of them existed in Cbs-KO (Fig.  5B) ; however, new strong associations were noted in these animals: Inmt became a new hub associated with Gzmc ( ϭ Ϫ0.806), Gzmb ( ϭ Ϫ0.745), and Slc15a ( ϭ 0.661). Equally relevant associations were observed between Expi and Rpgrip1 ( ϭ 0.830) and between Gzmb and Gzmc ( ϭ 0.721).
In interimplantation sites from WT mice (Fig. 5C ), Afp expression was also a hub connected with Ttr ( ϭ 0.495), Krt15 ( ϭ 0.577), and Prl8a2 ( ϭ 0.627). Positive associations were observed between Expi and Krt15 expressions ( ϭ 0.669). Interestingly, Afp was also a hub in Cbs-KO (Fig. 5D ) related to Ttr ( ϭ 0.544), to Prl8a2 ( ϭ 0.479), and to Slc15a ( ϭ Ϫ0.542). Other important hubs of gene expression were those shown by Ttr associated with Slc15a ( ϭ Ϫ0.537), Spink3 ( ϭ 0.655), and Calb1 ( ϭ 0.918) and by Prl8a2 associated with Krt15 ( ϭ Ϫ0.553) and Tdo2 ( ϭ 0.866).
Overall these results indicate an important deregulation of gene expression in both uterine sites in Cbs-KO females being more evident in implantation sites.
To verify the role of Hhcy on the changing gene expression, we carried out correlation analyses in samples from implantation sites as well as in WT and Cbs-KO females on the 8th and 12th days. Significant positive associations were shown between total plasma Hcy levels and two gene expressions, Afp ( ϭ 0.720) and Ttr ( ϭ 0.894).
Immunohistochemical analysis. To delineate differences in the numbers or functions of cells between WT and Cbs-KO decidua-uterus and to confirm whether some of the proposed gene expression changes were observed at the protein level, we carried out immunohistochemistry with antibodies against granzyme b for uterine natural killer (uNK) cells, vimentin for stromal cells, and Afp for uterine and decidual cells. Granzyme b was expressed in some granulated decidual cells called uNK cells (5) . As shown in Fig. 6C , quantitative analyses revealed a significant reduction in the number of these cells in Cbs-KO mice. Vimentin is considered to be expressed in cells of mesenchymal origin (23) . Strong immunoreactivity for vimentin was observed in decidual cells and blood vessels (Fig. 6, D and E) in agreement with others authors (26) . Quantification of immunohistochemical staining showed a similar presence of this marker in both genotypes (Fig. 6F) . Afp synthesis in rodents is initiated by events prior to and during implantation (35) . As shown in Fig. 6 , G and H, Afp was expressed in some decidual cells. Quantitative analyses revealed a significant increase of this marker in Cbs-KO mice (Fig. 6I) . These results are consistent with RT-qPCR analysis.
In situ hybridization. Figure 7 shows results of in situ hybridization that were specific for tested probes, since no signal was observed for the negative controls using the sense riboprobes for Krt15 and Inmt transcripts (Fig. 7, A and D,  respectively) . The results of this approach only allow us to verify the localization of expression of characterized messages. Thus, the antisense Krt15 probe gave positive fluorescence signals in decidual and uterus cells in WT (Fig. 7B) and Cbs-KO (Fig. 7C) animals. Similar but weaker fluorescence signal was observed for Inmt probe (Fig. 7, E and F) .
DISCUSSION
Through an experimental design focused on the analysis of embryo number, uterus, and placenta at different time-points during pregnancy, it has been possible to establish that the moment when this process failed in Cbs-KO was between the eighth and the 12th postcoital days, when placentas were being formed. As the eighth day was the closest day to the failure and cellular pattern was not different between both conditions (WT and Cbs-KO) in either implantation and interimplantation sites, it was considered an interesting time-point for unveiling potential gene expression changes, and so transcriptomic analyses in both implantation and interimplantation sites of uteri were carried out. We also confirmed the most relevant variations in gene expression by RT-qPCR and then studied their time-course during pregnancy. The approach using high-throughput gene expression allowed us to point out a series of hub genes and networks in normal pregnancy and to observe that those networks were not maintained in Cbs-KO females. This effect was more pronounced in implantation than in interimplantation sites and suggests that these potential gene networks might be crucial to normal placenta development.
Our present investigation has identified gene expression changes involved in the progression of decidualization and the involvement of adjacent regions (interimplantation sites) to enhance the process. In addition, the embryonic lethality and consequently female infertility of Cbs-deficient mice have allowed us to focus on potentially pathological changes at a pregnancy stage that has been little studied with high-throughput technologies. In fact, few studies have addressed the mechanisms that maintain implantation and allow maturation of the placenta beyond day 6 of pregnancy. Not surprisingly, there were very few gene changes identified compared with previous studies. One reason could be that microarray-based approaches to identify genes in the uterus during the postimplantation period have focused on early implantation stages (between days 4 and 6 of pregnancy), with no separate analysis of implantation and interimplantation sites in the study by Yoshioka et al. (57) , for example, or with a separate study of both uterus regions but including the embryonic genomic changes as well (41) . When both uterine regions have been considered, only the epithelium was studied (56) . Furthermore, those early studies used Affymetrix murine U74A or Digital Genomics Mouse 6K gene chips, where the expression of no more than 7,000 genes was considered. Using a Serial Analysis of Gene Expression library, one study determined the numbers of transcripts to be 16,677 and 16,696 for the interimplantation and implantation sites, respectively (31) . In this regard, our approach is comparable to that study in the number of involved potential transcripts, and interestingly three gene changes Spink3, Mt4, and Calb1 were also observed.
We designed our experiments to define the moment of embryo death by using a time follow-up of gene expression. This served to strengthen our approach of studying relevant gene expression at different stages of pregnancy without the interference of conceptus tissues. In WT implantation sites, we tracked the expression of eight genes throughout gestation (Fig. 1) and observed two clear patterns: those that increased (Afp, Inmt, Ttr, and Expi), and those that decreased (Spink3, Gzmc, Tdo2, and Mt4). This dichotomy disappeared in implantation sites from Cbs-KO mice (Fig. 2) , which showed a more complex response with four different patterns: those whose expression was significantly elevated (Afp, Spink3, and Inmt), one that decreased (Gzmc), those that decreased along the progression of gestation (Ttr and Expi), and those that increased (Tdo2 and Mt4). In WT interimplantation sites, we followed the expression of 10 genes throughout pregnancy (Fig. 3) with a more complicated response than in implantation sites. In fact, five genes showed a progressive increase in expression (Expi, Rpgrip1, Inmt, Ktr15, and Gzmc), two de- creased and later recovered (Calb1 and Ttr), one decreased (Spink3), one peaked and decreased (Mt4), and one showed a delayed increase (Afp). Once again, the pregnancy failure in Cbs-KO females was associated with significant changes in those selected genes (Fig. 4) . In this sense, four peaked and later decreased (Calb1, Ttr, Expi, Spink3 and Afp); three showed an initial increase followed by a more or less pronounced decrease (Rpgrip1, Inmt, and Ktr15); Gzmc remained decreased; and Mt4 lowered and then recovered. Using all the information gathered, we have found important relationships among gene expressions at this moment of placenta development that are crucial in maintaining conceptus development. As reflected in Fig. 5A for implantation sites, Afp and Calb1 emerged as central genes coordinated with the expression of other genes. In fact, in Cbs-KO females (Fig. 5B) , these regulators were not shown to have any role associated with halted placental development and consequently embryo death. In interimplantation sites (Fig. 5C) , Afp was also crucial, but its network was not as altered by the Cbs deficiency (Fig. 5D) as observed in implantation sites. Evidence that Afp protein plays a role in female fertility comes from Afp-KO mice (7, 12, 14, 24) . However, the idea of its having role in the progress of pregnancy in Afp-KO female mice was discarded after they delivered transplanted blastocysts. This fact and our results point to an interacting network of Afp with other genes that would be required to correct placental development.
Recently, it has been shown that Afp may be involved in pleiotropic activities affecting processes including cell differentiation, growth regulation, and tumor genesis. Afp may function as a signal molecule by binding with nuclear receptors including retinoic acid receptors, transcription factors, and other proteins (28, 29) . Thus, the high levels observed in our implantation sites might be interfering with the retinoic acid action in fetal tissues. As reviewed in Table 7 , all the found and selected gene expression changes do have a connection with reproduction. In this regard, some of them are involved in apoptosis to favor trophoblast invasion (A2m, Expi, Gzmc, Gzmb, and Thbs4), in calcium (Calb1), hypoxia (Prl8a2), or other signaling processes (Krt15, Rpgrip1, Ttr) and in suppressing maternal T cell activity to avoid embryo rejection (Inmt and Tdo2) (45) . Consequently, these changes may be related to placental development to achieve its complete functional maturity, and, as shown, an alteration in its coordinated interaction has fatal consequences for the embryo.
Cbs-KO mice showed significant increases in plasma Hcy levels compared with the WT mice on the same gestation day, and our results suggest that Afp and Ttr gene expression changes could be related to Hhcy. To confirm whether some of the proposed gene expression changes were observed at the protein level and in specific cell types, immunohistochemistry was carried out against granzyme b and Afp. Granzyme b is expressed in uNK cells, localized in the decidua basalis, and cell differentiation begins at about day 7 of gestation. This process produces an accumulation of cytolytic mediators including perforin and the serine proteases, granzymes a and b, within cytoplasmic granules (5). Our results by immunohistochemical determination showed that granzyme b was significantly lower in Cbs-KO mice than control mice on day 8 of pregnancy (Fig. 6C) . Granzyme b is involved in hydrolysis of extracellular matrix components, and uNK cell functions include decidual stromal and vascular remodeling via secretion of cytokines, chemokines, mucins, enzymes, and angiogenic growth factors (59). Our results could indicate a failure in the decidual remodeling required for mature placenta formation in Cbs-KO mice, but additional studies are necessary to confirm this observation. As mentioned above AFP may function as a signal molecule by binding key proteins involved in growth or apoptosis signal pathways. Our immunohistochemical results showed that Afp was significantly higher in Cbs-KO mice than control mice on day 8 of pregnancy (Fig. 6I) . Thus, the high levels observed in our implantation sites might be interfering with those signal pathways.
In situ hybridization revealed that hybridization signals were detected widely in the uterus without a specific pattern at this early stage of pregnancy for the Krt15 and Inmt transcripts. More studies are necessary to specific cell type's localization (Fig. 7) .
In summary, using a global gene expression strategy at the implantation and interimplantation sites of mouse uterus and a 
A2m
A2mp endoprotease inhibitor and vehicle for different growth factors such as vascular endothetial, placental, and platelet-derived; proposed to have role in regulating the rate at which trophoblast invasion proceeds (13, 18) proposed to have predictive and diagnostic value for preeclampsia Afp Alfa-fetoprotein infertility in Afp-KO females due to dysfunction of the hypothalamic/pituitary system and anovulation (7, 12, 14) protects Ttr Prealbumin, thyroxine-binding, TBPA, PALB plays a role in maternal-fetal thyroid hormone transport and increases at implantation sites (3, 8, 33, 52) produces a receptive endometrium during the luteal phase higher oxidative stress in preeclampsia is major destabilizing factor of functional dimeric TTR form in women mouse model of reproductive failure after a correct implantation, we have identified novel gene changes taking place in failing pregnancies and their potential gene network. Furthermore, these gene expression changes were associated with pregnancy failure. A better understanding of the molecular mechanisms of embryo-uterine interactions and the relevance of their failure with regard to embryo development will provide insight to prevent the high rate of spontaneous pregnancy losses.
